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Abstract 

A  composite  of  mesoporous  silica  (SBA-15)  with  a  polyethylene  oxide  (PEO)  polymer  electrolyte  is  examined  for  use  in  various  elec¬ 
trochemical  devices.  Incorporation  of  SBA-15  in  a  PEO:LiC104  polymer  electrolyte  facilitates  salt  dissociation,  enhances  ion  conductivity, 
and  improves  miscibility  between  organic  and  inorganic  moieties.  Optimized  conductivity  is  found  at  10  wt.%  SBA-15  composition,  above 
this  concentration  the  conductivity  is  reduced  due  to  aggregation  of  a  SBA- 15  :Li  rich  phase.  Heating  above  melt  temperature  of  PEO  allows 
more  of  the  polymer  segments  to  interact  with  SBA-15.  This  results  in  a  greater  degree  of  disorder  upon  cooling,  and  the  ion  conductivity 
is  enhanced.  A  7Li  MAS  NMR  study  reveals  three  types  of  lithium-ion  coordination.  Two  major  types  of  conduction  mechanism  can  be 
identified:  one  through  conventional  amorphous  PEO;  a  second  via  hopping  in  a  sequential  manner  by  replacing  the  nearby  vacancies 
(‘holes’)  on  the  surface  (both  interior  and  exterior)  of  the  SBA-15  channels. 
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1.  Introduction 

Considerable  interest  in  solid  polymeric  electrolytes  has 
been  stimulated  by  their  potential  application  in  various  elec¬ 
trochemical  devices,  such  as  high-energy  secondary  batter¬ 
ies,  fuel  cells,  and  sensors  [1-3].  The  structure  and  trans¬ 
port  properties  of  these  materials  are  closely  related  to  their 
local  configuration  in  the  nearby  coordinated  cations.  The 
presence  of  a  salt  not  only  provides  a  source  of  ions  but 
also  raises  the  glass  transition  temperature,  7„,  and  induces 
higher  amorphous  fraction.  In  general,  this  increases  the  con¬ 
ductivity  but  at  high  concentrations  of  salt  ion-paring  begins 
to  form,  which  degrades  conductivity  and  mechanical  sta¬ 
bility  [4-7], 

Any  modifications  should  take  into  account  of  all  possible 
ion-ion  interactions  that  may  exist  in  the  system. 

Various  methods  have  been  proposed  to  modify  the  poly¬ 
mer  host  matrix  with  the  aim  to  improve  electrolyte  utility, 
e.g.,  adding  plasticizers  [8-12],  dispersion  of  inorganic  ox¬ 
ides,  such  as  nano-sized  TiC>2  [13,14],  AI2O3  [14],  SiCH, 
fumed  silica  [15-18],  and  ceramic  powders  [11,16-23]. 
The  addition  of  liquids  as  plasticizers  raises  the  conduc¬ 
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tivity  but  the  electrolyte  mechanical  properties  suffers  and 
the  reactivity  towards  anode  (i.e.  lithium  metal)  heightens 
[8].  A  favourable  approach  is  to  disperse  nano  inorganic 
oxide  in  a  polymer  substrate  [13,14].  Prior  studies  have 
concluded  that  a  composite  electrolyte  delivers  better  me¬ 
chanical  strength,  higher  ionic  conductivity,  and  good  an- 
odelelectrolyte  interfacial  contacts  [13-23].  Lewis  acid-base 
interaction  satisfactorily  accounts  for  the  formation  of  nu¬ 
merous  inorganic-polymer  electrolyte  composites  [24-26]. 
According  to  such  interaction,  inorganic  surface  groups 
provide  physical  cross-linking  centres  for  the  polymer  elec¬ 
trolyte  (e.g.,  poly(ethylene  oxide),  PEO)  and  anions,  thus 
reduce  the  polymer  reorganization  tendency.  Additionally, 
the  filler  surface  groups  of  the  inorganic  solid  oxide  form 
an  ion-filler  complex.  The  major  conduction  path  is  still 
originates  from  local  diffusion  within  the  amorphous  poly¬ 
mer  region,  but  additional  transport  can  be  established  from 
the  ion-filler  complex. 

In  this  paper,  we  explore  modification  of  a  PEO  poly¬ 
mer  with  a  different  inorganic  system  that  has  a  tubular 
nano-scale  channel  structure.  SBA-15  is  an  inorganic  ox¬ 
ide  material  in  the  form  of  mesoporous  silica  molecular 
sieves  with  uniform,  long,  connecting  tubular  channels  of 
variable  pore  size  from  5  to  30  nm  and  a  large  surface  area 
[27].  The  high  surface  area  can  facilitate  uniform  dispersion 
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in  the  polymeric  matrix  to  yield  more  mobile  ion  species 
with  a  greater  degree  of  salt  dissociation  through  the  forma¬ 
tion  of  an  ion-solid  oxide  complex.  The  loading  of  cations, 
such  as  Ti  [28],  A1  [29]  and  V  [30]  in  the  channels  of 
the  mesoporous  SBA-15  have  been  reported.  Imperor-Clerc 
et  al.  [31]  have  reported  that  the  structure  of  silica  walls  is 
more  complex  and  show  a  ‘corona’  region  of  lower  density 
around  the  cylindrical  organic  aggregates.  Previous  studies 
[32]  confirmed  that  a  PEO  and  mesoporous  MCM-41  com¬ 
posite  exhibits  good  inter-phase  interaction  (i.e.  miscibility) 
in  presence  of  a  lithium  salt  through  the  penetration  of  both 
polymer  and  lithium  ions  within  the  pores  of  mesoporous 
silica  [32].  These  unique  structure  features  are  expected 
to  induce  changes  in  both  the  physical  properties  and  the 
ion-conducting  behaviour.  This  paper  presenets  a  study  of 
the  crystallinity,  coordination  structure  and  transport  mech¬ 
anism  of  a  lithium  composite  PEO  polymer  electrolyte  with 
SBA-15  (Si02)  as  filler. 


2.  Experimental 

Composite  solid  polymer  electrolyte  (CSPE)  films 
were  prepared  by  using  poly  (ethylene  oxide)  (PEO) 
[mol.wt.  =  2  x  105,  Aldrich],  a  LiC104  salt  in  a  (90:10) 
wt.%  [Li/EO  (1:21.7)]  blend,  and  different  weight  per¬ 
centages  of  SBA-15.  Initially,  the  PEO  was  dissolved  in 
tetrahydrofuran  (THF)  followed  by  the  addition  of  appro¬ 
priate  amounts  of  LiC104  and  SBA-15  in  2h  intervals 
and  stirring  for  24  h  at  60  °C.  The  homogeneous  mixtures 
were  poured  into  Teflon  dishes  and  evaporated  slowly  at 
40  °C  in  a  vacuum.  Further  drying  was  conducted  in  a 
dry-box  under  a  nitrogen  atmosphere  to  remove  the  sol¬ 
vent  completely.  All  the  samples  were  stored  in  a  dry-box 
with  a  nitrogen  atmosphere  for  protection  from  mois¬ 
ture. 

The  surface  morphology  of  these  composite  electrolytes 
was  studied  by  means  of  scanning  electron  microscopy 
(SEM)  using  a  Hitachi  [Model  3500N]  instrument  and 
gold-sputtered  coated  films.  Differential  scanning  calorime¬ 
try  (DSC)  studies  were  performed  in  the  temperature  range 
of  30-100  °C  with  a  Perkin-Elmer  (DSC  7  series)  system 
at  a  heating  rate  of  5  °C  per  min.  Sample  weights  were 
maintained  in  the  range  of  5-6  mg  and  all  experiments  were 
carried  out  under  a  flow  of  nitrogen. 

Impedance  spectroscopy  was  used  to  determine  the  ionic 
conductivity  of  the  polymer  composite  films.  Measurements 
were  performed  over  the  frequency  range  of  1  MHz  to  10  Hz, 
by  means  of  a  frequency  analyzer  AUTOLAB/PGSTAT  30 
(potential/galvanostat)  electrochemical  instrument  under  a 
nitrogen  environment.  These  measurements  were  made  over 
the  temperature  range  298-373  K,  and  the  system  was  ther¬ 
mally  equilibrated  at  each  selected  temperature  for  20  min. 
The  bulk  resistance  ( Ri ,)  was  determined  from  the  equiva¬ 
lent  circuit  analysis  by  using  Frequency  response  analyzer 
(FRA)  software  (less  than  1%  error).  The  conductivity  val¬ 


ues  (er)  were  calculated  from  the  equation  a  —  (, l/R\, )  (t/A), 
where  t  is  the  thickness  and  A  the  area  of  the  sample. 

Solid-state  7Li  magic  angle  spinning  (MAS)  NMR  spectra 
were  recorded  on  a  Bruker  DSX-300  spectrometer,  operating 
at  a  resonance  frequency  of  1 16.6  MHz  for  the  7Li  nucleus. 
A  spinning  speed  of  2  kHz  was  employed,  which  sufficiently 
removed  the  small  shift  anisotropy  side-bands  to  avoid  major 
complications. 

3.  Results 

3.1.  Morphology  and  crystallinity 

Electron  micrographs  of  pure  PEO  and  PEO:LiC104  with 
SBA-15  are  presented  in  Fig.  1.  It  is  seen  that  PEO  is 
a  semi-crystalline  polymer  with  a  rough  surface  of  sev¬ 
eral  crystalline  domains  (Fig.  1(a))  [32].  On  blending  with 
lithium  salt,  the  PEO  surface  morphology  changes  severely 
from  rough  to  smooth  (See  Fig.  1(b)).  For  further  modi¬ 
fication,  SBA-15  is  incorporated  in  the  PEO:LiC104  elec¬ 
trolyte  matrix.  The  SBA-15  causes  a  marked  change  in  the 
PEO:LiC104  morphology,  see  Fig.  1(c)  and  (d).  At  lower 
compositions,  SBA-15  is  dispersed  homogeneously  in  the 
PEO:LiC104  electrolyte  matrix.  The  lithium  ions  form  Lewis 
acid-base  interactions  with  both  the  inorganic  solid  oxide 
surface  groups,  while  the  ether  oxygen  of  the  PEO  chain 
establishes  the  interaction  for  miscibility.  Above  10  wt.% 
of  SBA-15  composition,  however,  severe  aggregated  phases 
can  be  detected.  The  aggregated  domains  may  correspond 
to  mesoporous  silica  with  Li  ions  [32], 

The  relative  percentage  of  the  crystalline  (x)  form  of  the 
composite,  has  been  calculated  from  DSC  data,  which  are 
referenced  to  pure  PEO  being  100%  crystalline,  and  from  the 
equation  x  =  A  //f  /  A  //f .  DSC  endothermic  curves  of  the 
SBA-15  composite  PEO  electrolyte  are  displayed  in  Fig.  2. 
The  DSC  melting  endothermic  indicates  reduction  of  PEO 
crystallinity  in  the  presence  of  the  lithium  salt  and  this  ef¬ 
fect  is  enhanced  with  the  addition  of  SBA-15,  but  complete 
depression  of  AHf  is  not  identified.  The  calculated  relative 
crystalline  data  are  summarized  in  Table  1.  Both  SEM  and 
DSC  investigations  confirm  that  PEO  crystallinity  is  reduced 
severely  with  addition  of  lithium  salt  and  this  is  further  by 
the  presence  of  mesoporous  oxide. 

3.2.  Ion  conductivity 

The  isothermal  characteristic  conductivity  of  a  SBA  com¬ 
posite  PEO  electrolyte  is  shown  in  Fig.  3,  and  the  con¬ 
ductivity  data  are  summarized  in  Table  1.  The  ion  conduc¬ 
tivity  increases  with  the  oxide  content  and  optimum  value 
is  found  at  10  wt.%  SBA-15  with  one  order  of  improve¬ 
ment  over  PEO:LiC104  SPE.  In  the  case  of  15  wt.%  SBA, 
the  conductivity  is  degraded  but  still  half  an  order  larger 
than  that  of  pure  PEO:LiC104  SPE.  As  shown  by  SEM  and 
DSC  studies,  the  organic-inorganic  miscibility  is  better  at 
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(C)  (d) 


Fig.  1.  Electron  micrographs  (xl500)  of:  (a)  pure  PEO;  (b)  PE0:LiC104  (90/10);  (c)  5wt.%  and  (d)  10  wt.%  SBA-15  in  PE0:LiC104  (90:10)  polymer 
electrolyte. 

Table  1 

Crystallinity  (x),  conductivity  (<r)  and  activation  energies  of  PEChLiClOzj: SBA-15  composite  solid  polymer  electrolyte  system 


SBA-15  (wt.%) 

Si/Li 

7  (%) 

Conductivity  (o)  (Scm  *) 

Activation  energies  ( Ea )  kJ/mole 

Region-I 

Region-II 

0 

0 

49.02 

4.54  x  10~6 

36.7 

12.2 

5 

0.89 

34.8 

6.98  x  10~6 

31.8 

14.9 

8 

1.42 

30.4 

1.19  x  10-5 

30.9 

15.4 

10 

1.77 

31.4 

2.62  x  10-5 

26.1 

12.3 

15 

2.66 

39.1 

1.18  x  10-5 

30.8 

13.7 

Region-I:  below  melting  temperature  (rm);  Region-II:  above  melting  temperature  (rm).  x  (%):  crystallinity  with  respect  to  pure  PEO  as  100%. 


40  50  60  70  80  90  100  0  2  4  6  8  10  12  14  16 


Temperature  (°C)  SBA  content  (wt.%) 


Fig.  2.  DSC  curves  of  (a)  pure  PEO;  (b)  0;  (c)  5;  (d)  10  and  (e)  15  wt.% 
of  SBA-15  in  PEO:LiC104  polymer  electrolyte. 


Fig.  3.  Isothermal  ion  conductivity  of  SBA-15  composite  PEO:LiC104 
solid  polymer  electrolyte  system  at  ambient  temperature. 
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Fig.  4.  Variable  temperature  conductivity  of  (a)  0;  (b)  5;  (c)  8  and  (d)  10 
and  (e)  15  wt.%  of  SBA-15  in  PE0:LiC104  polymer  electrolyte. 

inter-medium  compositions  but  aggregation  of  larger  meso- 
porous  lithium-rich  domains  occurs  at  a  composition  above 
10  wt.%  SBA-15. 

The  effect  of  temperature  ( T)  on  the  conductivity  (a)  of  a 
SBA-15  composite  PE0:LiC104  is  shown  in  Fig.  4.  A  sharp 
increase  occurs  at  the  PEO  melting  temperature  (7m).  This 
is  due  to  an  increase  in  the  amorphous  domain,  which  is  a 
typical  characteristic  of  PEO  electrolytes  [32-38].  The  Log 
(er)  versus  1000/r  plots  can  be  explained  by  different  models 
of  polymer  electrolytes.  The  composite  electrolyte  studied 
here  follows  an  Arrhenius-type,  thermally  activated,  process 
below  and  above  Tm.  In  both  regions,  the  conductivity  rela¬ 
tionship  can  be  expressed  as: 

a  =  cr0exp  (!) 

where  op,  Ed,  k  are  the  pre-exponential  factor,  the  activation 
energy  and  the  Boltzman  constant,  respectively.  The  acti¬ 
vation  energies  of  the  composite  polymer  electrolyte  were 
evaluated  by  fitting  the  above  equation  to  both  the  regions. 
The  results  are  summarized  in  Table  1 .  The  activation  ener¬ 
gies  measured  for  both  regions  are  different.  It  is  noted  that, 
in  the  low-temperature  region,  the  activation  energies  of  the 
composites  are  all  smaller  than  that  of  a  pure  PE0:LiC104 
electrolyte.  The  enhanced  ionic  conductivity  and  decrease 
in  activation  energies  suggest  a  different  ion  transport  be¬ 
haviour  in  the  composite. 

The  conductivity  of  this  composite  electrolyte  follows 
different  trends  upon  heating  and  cooling,  see  Fig.  5(a) 
and  5(b)  that  present  the  conductivity  during  heating  and 
cooling  of  10  and  15wt.%  SBA-15  composition  poly¬ 
mer  electrolyte  films.  On  heating,  the  conductivity  follows 
the  typical  behaviour  for  a  polymer  electrolyte  with  a 
marked  increase  near  the  PEO  melting  temperature.  On 
subsequent  cooling,  the  conductivity  remains  consistently 
higher  compared  with  that  during  heating.  The  break  in 
conductivity  occurs  between  35  and  45  °C,  i.e.  near  the 


Fig.  5.  (a)  A  variable  temperature  conductivity  in  two  scans  while  heating 
and  cooling  for  10wt.%  of  SBA-15  in  PEO/LiCICri  polymer  electrolyte, 
(b)  Variable  temperature  conductivity  in  two  scans  while  heating  and 
cooling  for  15  wt.%  of  SBA-15  in  PEO/LiCICri  polymer  electrolyte. 


crystallization  temperature  (Tc),  when  cooling  the  sample 
[32,39]. 

For  the  10wt.%  SBA-15  composite,  the  conductivity  af¬ 
ter  annealing  above  the  PEO  melting  temperature  is  two  or¬ 
ders  of  magnitude  larger  than  the  pure  PE0:LiC104  polymer 
electrolyte.  In  the  case  of  the  15wt.%  SBA-15  composite, 
however,  the  difference  is  less  pronounced.  Note  that,  the 
10wt.%  SBA-15  composite  shows  better  miscibility,  but  a 
15  wt.%  SBA-15  composite  exhibits  more  severe  phase  sep¬ 
arations.  It  is  likely  that  the  conductivity  discrepancy  when 
heating  and  cooling  is  attributed  to  a  reduction  in  PEO  crys¬ 
tallization  in  presence  of  the  filler  when  the  composite  elec¬ 
trolyte  is  annealed  above  the  PEO  melting  temperature. 

3.3.  7Li  MAS  NMR  Spectroscopy 

7Li  MAS  NMR  spectra  of  the  SBA-15  composite  poly¬ 
mer  electrolyte  system  are  depicted  in  Fig.  6.  NMR  spec¬ 
tra  of  a  SBA-15  composite  PEO  (Fig.  6(b)  to  (d))  with 
reference  to  the  spectra  of  PE0:LiC104  (Fig.  6(a)  reveal 
the  emergence  of  shoulder  peaks  and  line-width  broaden¬ 
ing  with  increasing  SBA-15.  At  a  high  content  (15  wt.%)  of 
SBA-15,  the  7Li  peak  exhibits  a  most  prominent  shift  com¬ 
pared  with  a  PE0:LiC104  polymer  (Fig.  6(d)).  It  is  relevant 
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Chemical  shift  (ppm) 

Fig.  6.  7Li  MAS  NMR  spectra  of  (a)  0;  (b)  5;  (c)  8;  and  (d)  15  wt.%  of 
SBA-15  in  PE0:LiC104  polymer  electrolyte. 


and  reasonable  to  assume  that  mesoporous  composite  poly¬ 
mer  electrolyte  exhibits  at  least  three  unique  lithium  species 
for  coordination  [32],  By  virtue  of  its  large  pore  channels, 
SBA-15  can  upload  larger  cations,  such  as  Ti  [28],  A1  [29], 
V  [30],  etc.  Lithium  ions  are  smaller  in  size  and  can  pen¬ 
etrate  the  pore  channels  and  also  coordinate  on  the  surface 
of  SBA-15.  It  is  assumed  that  the  three  environments  are: 
lithium  species  on  the  outer  surface  of  SBA-15;  lithium 
species  in  the  interior  pore  channels  of  SBA-15;  lithium 
species  within  the  amorphous  PEO.  In  the  absence  of  PEO, 
7 Li  MAS  NMR  spectra  of  SBA-15:LiC104  (1:1  wt.%  ratio) 
are  given  in  Fig.  7(a). 

The  spectra  of  SBA-15:LiC104  have  an  asymmetrical 
shape  with  a  broad  width;  which  can  be  resolved  into 
three  peaks  corresponding  to  the  three  lithium  positions. 
Least-square  decomposition  by  Lorentzian  and  Gaussian 
components  reveals  the  characters  of  these  components.  In 
Fig.  7(a),  the  down-field  peak  ‘LiIonPair’  (near  ~  0.0  ppm) 
is  conveniently  assigned  to  Li  species  of  un-dissociated 
salt,  and  the  two  up-held  peaks  at  middle  ‘LiIn’  and  higher 
‘Li°ut’  are  reasonably  assigned  to  lithium  ions  that  are  co¬ 
ordinated  on  the  outer  surface  and  the  interior  channel  of 
SBA,  respectively.  This  result  reveals  a  close  interaction 
between  lithium  ions  and  mesoporous  silica  (SBA-15). 

The  results  for  SBA-15:LiC104  (1:1  wt.%)  provide  clear 
evidence  that  the  SBA-15  composite  polymer  electrolyte 
bears  three  kinds  of  lithium  coordination.  The  superim¬ 
posed  least-square  peak  fits  with  the  raw  data  of  8  and 
15  wt.%  of  SBA  in  PECkLiCICL  electrolyte  are  demon¬ 
strated  in  Fig.  7(b)  and  7(c),  respectively.  The  peak  fits 
are  signed  as  sites  ‘Li°ut’,  ‘LiIn\  and  ‘LiPEO’  where:  site 
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Fig.  7.  Least  square  peak  fits  of  7Li  NMR  spectra  of  (a)  SBA-15:LiC104 
(1:1  wt.%);  (b)  8  and  (c)  15  wt.%  of  SBA-15  in  PE0:LiC104  polymer 
electrolyte. 

‘Li°ut’  represents  the  lithium  species  on  the  outer  surface 
(0.5-0. 7  ppm);  site  ‘LiIn’  represents  the  lithium  species  in¬ 
side  the  pore  channels  (1. 1-1.5  ppm)  of  SBA-15,  as  previ¬ 
ously  assigned;  site  ‘LiPEO’  represents  lithium  species  with 
amorphous  PEO  (0. 8-1.0  ppm).  The  lithium  species  with  a 
SBA-15  content  show  an  interesting  trend:  components  of 
‘Li°ut’  and  ‘LiIn’  increases  dramatically  and  ‘LiPEO’  de¬ 
creases  with  increase  of  SBA-15  in  PEO:LiC104.  This  anal¬ 
ysis  indicates  that  lithium  favours  association  with  SBA-15 
rather  than  PEO,  since  stronger  Li:SBA-15  peaks  develop 
with  increase  in  SBA-15  content. 

The  7Li  NMR  line-width  and  relative  population  of 
the  three  major  lithium  conformations  are  summarized  in 
Fig.  8(a)  and  8(b),  respectively,  with  curves  ‘Liout’,  ‘LiIn’, 
and  ‘LiPEO’. 

The  line-width  and  population  of  sites  ‘Li°ut’  and  ‘LiIn’ 
increase  and  those  of  site  ‘LiPEO’  decrease  with  increasing 
SBA-15  content.  Interestingly,  the  combined  intensity  ratio 
of  sites  ‘Li°ut’  and  ‘LiIn’  are  approximately  equal  to  site 
‘LiPEO’  when  the  content  of  SBA-15  reached  10  wt.%.  Fur¬ 
ther  increase  of  SBA-15  leads  to  a  shift  of  lithium-ion  pop¬ 
ulation  into  the  SBA-15  regime  and  a  significant  decrease  in 
the  polymer  PEO.  This  confirms  that  lithium  bears  stronger 
association  with  mesoporous  structured  Si02  to  raise  the 
possibility  of  a  marked  development  of  a  SBA-15:Li  rich 
phase  at  higher  SBA-15  compositions.  These  results  corrob¬ 
orate  with  the  SEM,  DSC  and  conductivity  measurements 
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Fig.  8.  (a)  7Li  NMR  line-width  variation  of  three  components  in 
PE0:LiC104:SBA-15  composite  polymer  electrolyte  with  a  function  of 
SBA-15;  (b)  7Li  NMR  relative  population  of  three  components  in 
PE0:LiC104:SBA-15  composite  polymer  electrolyte  with  a  function  of 
SBA-15. 

in  which  a  larger  SBA-15:Li  rich  aggregation  phase  is  ob¬ 
served. 


4.  Discussion 

SEM,  DSC,  7Li  NMR,  and  conductivity  studies  confirm 
that  SBA-15  composite  PEO  complex  formation  is  highly 
induced  in  the  presence  of  a  lithium  salt  where  the  acid-base 
reactions  enhances  the  compatibility  of  the  organic  and  inor¬ 
ganic  moieties.  The  NMR  results  show  a  stronger  association 
of  lithium  ions  with  SBA-15  than  with  polymer  PEO.  It  is 
interesting  that  SBA-15  has  larger  channel  dimensions  that 
favour  occlusion  of  the  PEO  polymer  along  with  the  shift 
of  lithium  ions  into  the  interior  pore  channels  of  SBA-15. 
The  oxygen  atoms  in  polymer  PEO  and  mesoporous  SBA-15 
serve  as  Lewis  base  centres,  and  the  Li+  cation  serves  as 
a  strong  Lewis  acid.  Possibly,  silica  in  SBA-15  is  acting 
as  a  Lewis  acid  centre  for  physical  cross-linking  by  weak 
electrostatic  interaction  with  the  base  centre  of  the  ether 


oxygen  of  the  polymer  PEO.  This  electrostatic  interaction 
drives  the  occlusion  of  PEO  and  Li+  ions  into  shallow  chan¬ 
nels.  According  to  Wieczorek  and  co-workers  [41,42],  the 
Lewis  acid  of  the  added  oxide  filler  would  compete  with 
the  Lewis  acid  character  of  the  lithium  cations  to  form  new 
complexes  with  the  PEO  chains.  Thus,  the  filler  oxide  acts 
as  cross-linking  centres  for  the  PEO  chains.  Such  behaviour 
lowers  the  polymer  reorganization  tendency  and  promotes 
an  overall  mechanically-stable  structure.  The  structure  mod¬ 
ification  provides  new  lithium  ion  conduction  pathways  on 
the  filler  surface  and  is  a  salient  feature  that  enhances  ion 
transport.  Wong  et  al.  [43]  reported  that  the  interactions  of 
polymer  and  cations  with  surface  oxygen  atoms  occur  in  the 
silicate  layer.  The  occlusion  of  polymer  PEO  in  the  pore 
channels  of  SBA-15  is  plausible  where  the  silica  and  ether 
oxygen  of  polymer  can  interact  with  weak  electrostatic  inter¬ 
action  [31].  The  PEO  occlusion  in  SBA-15  is  more  apparent 
than  in  our  earlier  studies  of  MCM-41  as  the  filler  [32]. 

Melosh  et  al.  [40]  have  shown  that  the  polyfethylene 
oxide )-poly(propylene  oxide )-poly(ethylene  oxide)  (PEO- 
PPO-PEO)  block  copolymer  acts  as  a  structure-directing 
agent  where  the  silica  cation  preferentially  associates  with 
PEO  blocks.  With  this  composite  solid  polymer  electrolyte, 
it  is  significant  that  the  occlusion  of  polymer  improves  the 
miscibility  between  the  organic  and  inorganic  moieties. 

The  general  trends  observed  for  composite  polymer  elec¬ 
trolytes  is  not  a  linear  function  of  the  filler  concentration 
[26,33,34,44].  At  a  low  content  level,  the  dilution  effect 
causes  specific  interactions  with  the  ceramic  surface,  which 
promote  fast  ion  transport,  and  the  overall  affect  enhances 
the  conductivity.  On  the  other  hand,  at  high  filler  content,  the 
dilution  effect  predominates  and  the  conductivity  decays.  In 
spite  of  the  similarity,  the  effects  described  for  these  systems 
are  different  with  the  composite  electrolyte  under  study  here 
where  a  majority  of  lithium  is  consumed  by  SBA-15. 

In  the  present  composite  solid  polymer  electrolyte,  the 
three  kinds  of  lithium  species  can  be  explained  in  terms 
of  two  different  conducting  mechanisms.  The  basic  ion 
transport  is  achieved  by  random  walking  through  amor¬ 
phous  PEO.  A  second  conduction  path  is  established  by 
lithium-ion  hopping  in  a  sequential  manner  by  replacing 
the  nearby  vacancies  (‘holes’)  on  the  surfaces  (both  inte¬ 
rior  and  exterior)  of  the  SBA-15  channels.  The  presence  of 
an  additional  conducting  channel  delivers  favourable  ion 
conductivity  compared  with  polymers  without  a  SBA-15 
composite  and  exhibits  a  lower  temperature-dependent 
conductivity  (i.e.  smaller  pseudo  activation  energy)  in  the 
low-temperature  region.  Nevertheless,  a  specific  interaction 
of  the  flexible  polymer  with  the  filler  surface  is  essential  to 
promote  fast  ion  transport  in  the  second  type  of  conduction. 
This  conclusion  is  drawn  from  the  observation  that  the  ion 
conductivity  deteriorates  rapidly  when  phase  separations 
occur.  The  effect  is  best  illustrated  by  the  difference  in 
ion  conductivity  during  heating  and  cooling  (see  Fig.  5(a) 
and  5(b)).  For  samples  that  exhibit  good  miscibility  (below 
10wt.%),  the  specific  interaction  becomes  stronger  by  heat- 
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ing  and  cooling,  and  the  ion  conductivity  is  higher  while 
cooling.  For  samples  exhibiting  phase  separation  (15wt.% 
SBA-15),  however,  the  specific  interaction  between  PEO 
and  SBA-15  is  severely  affected  after  melting  the  polymer, 
and  the  ion  conductivity  increases  in  first  scan  but  there  is 
no  change  in  the  following  scan  of  cooling.  Upon  cooling 
below  Tc,  the  PEO  is  unable  to  recover  its  original  struc¬ 
ture  and  the  ion  conductivity  becomes  larger.  Even  higher 
conductivity  is  noticed  on  the  second  heating  of  a  10wt.% 
SBA-15  sample  where  the  stronger  coordination  between 
the  polymer  and  SBA-15  acts  synergistically  for  lithium-ion 
transport.  Croce  et  al.  [37]  suggested  that  once  the  com¬ 
posite  electrolytes  are  annealed  at  a  temperature  above  the 
PEO  melt;  the  larger  surface  area  of  the  added  filler  pre¬ 
vents  local  PEO  chain  reorganization  so  that  a  high  degree 
of  disorder,  is  attained  at  ambient  temperature.  Annealing 
creates  a  large  number  of  thermally-induced  defects  at  the 
polymer-ceramic  interface  [19].  These  defects  accommo¬ 
date  and  facilitate  movement  of  lithium  ions  and  impart 
orders  of  magnitude  increases  in  conductivity. 

Best  et  al.  [45]  have  discussed  nano-composite  elec¬ 
trolytes  in  terms  of  electrostatic  interactions  whereby 
lithium  cations  will  experience  a  relatively  stable  potential 
landscape  at  the  filler  surface,  i.e.  of  about  the  same  order 
as  that  at  the  polymer.  Lithium  ions  will  then  be  free  to 
move  by  segmental  motion  and  activated  hopping,  with  a 
potential  barrier  lowered  by  the  filler.  The  lithium  cations 
form  weaker  transient  bonds  with  the  oxygen  atoms  of  the 
surface  of  filler  grains  during  migration,  similar  to  the  co¬ 
ordinated  transient  links  they  form  with  the  ether  oxygen  of 
PEO  [46].  This  provides  extra  sites  for  the  cationic  transport 
process,  where  the  bonds  between  lithium  ions  and  oxygen 
in  the  filler  surface  groups  are  also  subject  to  breaking  and 
making  as  with  the  ether  oxygen  in  the  PEO  polymer. 

The  favourable  conductivity  of  the  10  wt.%  SBA-15  com¬ 
posite  in  both  the  high  and  low  temperature  regions  is  an  in¬ 
herent  feature  of  the  combined  effect  with  a  remarkable  bal¬ 
ance  of  the  physical  cross-linking,  largely  suppressed  PEO 
crystallinity  and  the  existence  of  both  types  of  conduct¬ 
ing  mechanisms.  Most  importantly,  the  mechanical  property 
is  sustained  even  at  higher  compositions  where  the  meso- 
porous  silica  served  as  both  the  filler  and  the  tie  molecules 
to  improve  the  adhesion  through  physical  cross-linking  with 
polymer  chains. 

5.  Conclusions 

Mesoporous  Si02  (SBA-15)  imparts  higher  ion  conduc¬ 
tivity  and  substantial  mechanical  strength  to  a  PE0:LiC104 
electrolyte.  Solid-state  7Li  NMR  studies  reveal  the  occlu¬ 
sion  of  PEO  along  with  lithium  ions  in  the  pore  chan¬ 
nels  of  the  SBA-15.  Electron  micrographs  and  DSC  studies 
have  shown  improved  interaction  between  the  polymer  and 
SBA-15  in  the  presence  of  a  lithium  salt.  At  high  SBA-15 
content,  the  conductivity  deteriorate  due  to  the  develop¬ 


ment  of  a  SBA-15:Li  rich  domain  and  severe  phase  separa¬ 
tion  occurs.  Annealing  above  the  PEO  melting  temperature 
provides  more  organic-inorganic  interaction  and  prevents 
PEO  recrystallization  upon  cooling,  which  results  in  a  fur¬ 
ther  enhancement  in  ion  conductivity.  Two  types  of  conduc¬ 
tion  mechanism  occur  in  this  composite  electrolyte,  namely, 
lithium  ion  transport  through  amorphous  PEO,  and  sequen¬ 
tial  hopping  by  replacing  the  nearby  vacancies  on  the  sur¬ 
face  (both  interior  and  exterior)  of  the  SBA-15  channels. 
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